Hepatic lipase (HL) has a well-established role in lipoprotein metabolism. However, its role in atherosclerosis is poorly understood. Here we demonstrate that HL deficiency raises the proatherogenic apoB-containing lipoprotein levels in plasma but reduces atherosclerosis in lecithin cholesterol acyltransferase (LCAT) transgenic (Tg) mice, similar to results previously observed with HL-deficient apoE-KO mice. These findings suggest that HL has functions that modify atherogenic risk that are separate from its role in lipoprotein metabolism. We used bone marrow transplantation (BMT) to generate apoE-KO and apoE-KO × HL-KO mice, as well as LCAT-Tg and LCAT-Tg × HL-KO mice, chimeric for macrophage HL gene expression. Using in situ RNA hybridization, we demonstrated localized production of HL by donor macrophages in the artery wall. We found that expression of HL by macrophages enhances early aortic lesion formation in both apoE-KO and LCAT-Tg mice, without changing the plasma lipid profile, lipoprotein lipid composition, or HL and lipoprotein lipase activities. HL does, however, enhance oxidized LDL uptake by peritoneal macrophages. These combined data demonstrate that macrophage-derived HL significantly contributes to early aortic lesion formation in two independent mouse models and identify a novel mechanism, separable from the role of HL in plasma lipoprotein metabolism, by which HL modulates atherogenic risk in vivo.
Introduction
Hepatic lipase (HL) is a 64-kDa glycoprotein that plays a major role in lipoprotein metabolism. HL is synthesized primarily by hepatocytes but is also present in steroidogenic tissues (1) (2) (3) . The enzyme hydrolyzes triglycerides (TGs) and phospholipids (PLs) in chylomicron remnants (CRs), IDL, and HDL, thereby altering lipoprotein size and density (1, 4, 5) . HL is an important determinant of plasma HDL concentra-tions (6) (7) (8) (9) (10) and LDL subclass distribution (6, (9) (10) (11) , which predict atherogenic risk. In addition to its role as a lipolytic enzyme, HL has a separate function in lipoprotein metabolism as a ligand that facilitates the cellular uptake of lipoproteins or lipoprotein lipids by cell surface receptors and/or proteoglycans (5, 12, 13) . Expression of wild-type and catalytically inactive HL in different animal models has demonstrated HLmediated metabolism of CRs and HDL independent of lipolysis (14) (15) (16) . In addition, the presence or absence of HL protein in patients deficient in HL activity leads to significant differences in the cholesterol content of apoB-containing lipoproteins (17) . These combined data have established the physiologic relevance of the ligand-binding function of HL in vivo.
Despite recent advances in our understanding of HL function in lipoprotein metabolism and cellular lipid uptake, the role this enzyme plays in atherosclerosis is still poorly understood. Reduced postheparin plasma HL activity has been associated with increased coronary artery disease (CAD) in patients with type 1 diabetes, cholesteryl ester transfer protein deficiency, familial hypercholesterolemia, HL deficiency, and HL gene promoter polymorphisms as well as in normolipidemic men and other patient populations (13, 18, 19) . However, other studies have concluded that decreased HL activity does not influence susceptibility to CAD (8) . Finally, increased HL activity has been reported in patients with CAD (20, 21) , and recent analysis of patients participating in the Familial Atherosclerosis Treatment Study demonstrated that the HL promoter gene C514T polymorphism, associated with higher HL activity, more dense LDL, and decreased HDL 2 cholesterol (6), predicts favorable changes in coronary artery stenosis with lipid-lowering treatment (21) . These combined studies provide evidence supporting both a proatherogenic and antiatherogenic role of HL in humans.
Analyses of transgenic (Tg) and KO animal models have also provided conflicting data regarding the role that HL plays in atherosclerosis. HL overexpression appears to beneficially alter the plasma lipid profile in mice and rabbits by reducing the amount of cholesterol present in apoB-containing lipoproteins (16, 22) . In addition, overexpression of human HL reduced the aortic cholesterol content in cholesterol-fed Tg mice (23) . However, despite increases in the cholesterol content of the proatherogenic apoB-containing lipoproteins, HL deficiency significantly lowered aortic atherosclerosis in apoE-KO mice (24) . Bergeron et al. (25) have proposed that the reduced aortic atherosclerosis in apoE-KO × HL-KO mice may be due to several factors that include the accumulation of vesicular lipoproteins, which may not be atherogenic and may facilitate reverse cholesterol transport and the accumulation of sphingomyelin-poor β-VLDL with reduced atherogenic potential. However, there is no evidence to indicate that these vesicular lipoproteins are antiatherogenic. Therefore, accumulation of these particles cannot explain the marked reduction in aortic atherosclerosis observed in this mouse model.
In the present study, we demonstrate that HL deficiency reduces aortic lesion formation not only in apoE-KO mice, as previously reported (24) , but also in an independent animal model, the lecithin cholesterol acyltransferase-Tg (LCAT-Tg) mouse. We use bone marrow transplantation (BMT) to investigate mechanisms, distinct from HL-mediated changes in plasma lipoprotein metabolism, by which HL may modulate atherogenic risk in apoE-KO and LCAT-Tg mice. We provide evidence of HL expression in macrophages present in aortic lesions and demonstrate that despite lack of changes in plasma HL activity or the plasma lipid profile, alterations in macrophage HL expression markedly modify aortic lesion formation in apoE-KO and LCAT-Tg mice. These findings indicate that localized production of HL by macrophages in the arterial wall may contribute to lesion development by altering macrophage-derived foam cell formation and identify a novel mechanism by which HL modulates atherogenic risk in vivo.
Methods
Animals. HL-KO (26), apoE-KO (27) , and LCAT-Tg (28, 29) mice with C57BL/6J backgrounds were cross-bred to generate apoE-KO or LCAT-Tg mice homozygous for HL deficiency. Animals were fed either a rodent autoclaved chow diet containing 4.5% fat (NIH-07 chow diet; Zeigler Brothers Inc., Gardners, Pennsylvania, USA), a Western diet containing 0.15% cholesterol and 21% fat (TD 88137; Harlan Teklad, Madison, Wisconsin, USA), or a cocoa butter diet containing 1.25% cholesterol and 0.5% cholic acid (TD 88051, Harlan Teklad). Studies were performed according to a research protocol approved by the Animal Care and Use Committee of the National Heart, Lung, and Blood Institute of the NIH.
Northern blot and in situ RNA hybridization studies. Total RNA and mRNA were isolated from unstimulated peritoneal macrophages obtained from age-and sexmatched mice as described (30) . Total RNA (20 µg) or mRNA (2 µg) was subjected to Northern analysis with either a digoxigenin-labeled HL riboprobe (30) or a 32 P-labeled 513-bp DraII lipoprotein lipase (LPL) cDNA fragment. The blot was rehybridized with a 32 P-labeled 693-bp cyclophilin cDNA probe (Ambion, Austin, Texas, USA). HL and LPL mRNA signals were quantified using a scanning densitometer (Molecular Dynamics, Sunnyvale, California, USA) and normalized to cyclophilin mRNA signals. For in situ RNA hybridization, mouse peritoneal macrophages cultured on chamber slides for 5 days were fixed with 4% formaldehyde. Paraffin-embedded sections of mouse aorta were mounted on poly-L-lysine-coated RNasefree slides and deparaffinized. The macrophages and aortic sections were treated with proteinase K (10 µg/ml, 15 minutes at 37°C) and hybridized overnight at 65°C in a humidified chamber containing 5 ng/µl of sense or antisense HL digoxigenin-labeled riboprobes encoding exons 1 and 2 of the HL gene. After hybridization, sections were incubated with alkaline phosphatase-conjugated antidigoxigenin antibody (Roche, Indianapolis, Indiana, USA) and detected with fast red (Roche) according to the manufacturer's instructions. Riboprobe specificity was confirmed by Northern blot analysis of liver RNA from apoE-KO and apoE-KO × HL-KO mice. Partial purification of HL from peritoneal macrophages by heparin sepharose affinity chromatography and detection of HL by Western blotting were performed as described (30) .
Fetal liver cell isolation and sex identification. On day 14 of gestation, pregnant female HL-KO and apoE-KO × HL-KO mice or LCAT-Tg and LCAT-Tg × HL-KO mice were sacrificed, the embryos were dissected free from the placenta, and DNA was isolated from the tails of fetuses as described (31) . Gender genotyping was performed by PCR to detect the Zfy gene (31) . A single-cell suspension of donor fetal liver cells (FLCs) was prepared and cryopreserved as previously reported (31) .
FLC transplantation. FLCs were used as hematopoietic cells for bone marrow transplantation. Six-week-old female apoE-KO or LCAT-Tg and apoE-KO × HL-KO or LCAT-Tg × HL-KO recipient mice were fed acidified water (pH 4.5) containing 100 mg/l neomycin (Sigma-Aldrich, St. Louis, Missouri, USA) and 10 mg/l polymyxin B sulfate (Sigma-Aldrich) from 2 weeks before to 2 weeks after BMT. FLC donor cells (5 × 10 6 in 300 µl of RPMI-1640 media) were injected into the tail vein of irradiated recipients (9 Gy of total-body irradiation). Recipient mice were separated into four separate transplant groups that included (a) apoE-KO mice that received donor FLCs derived from either apoE-KO × HL-KO mice (experimental group) or apoE-KO mice (control group) and (b) apoE-KO × HL-KO mice that received donor FLCs from either apoE-KO mice (experimental group) or apoE-KO × HL-KO mice (control group). After BMT, mice were maintained for 8 weeks on a regular chow diet. In a separate study, apoE-KO and apoE-KO × HL-KO mice were maintained on a regular chow diet for 1 month after BMT and then fed a Western diet for 6 weeks. The BMT procedure for LCAT-Tg and LCAT-Tg × HL-KO mice was similar, except that 1 month after BMT mice were fed a cocoa butter diet for 12 weeks.
Genotyping. DNA was prepared from white blood cells and peritoneal macrophages isolated before and 8 weeks after BMT from donor and recipient mice. DNA was PCR amplified using an HL exon 3 forward primer (5′-TGGATCTGGAAGATAGTGAGTGCGCTGAA-3′) and an HL exon 4 reverse primer (5′-CTGTGATTCTTC-CAATCTTGTTCTTCCCG-3′), resulting in the formation of a 1.6-kb fragment in apoE-KO and LCAT-Tg mice and a 2.7-kb fragment in apoE-KO × HL-KO and LCAT-Tg × HL-KO mice.
HL and LPL activities. Postheparin plasma was obtained 5 minutes after heparin infusion (500 U/kg) into the mouse tail vein. HL and LPL activities were assayed by incubation with a radiolabeled triolein substrate in the presence or absence of 1 M NaCl as described (32) . To determine the lipase activity in macrophage medium, peritoneal macrophages were cultured in DMEM plus 10% FBS for 24 hours. The medium was replaced with fresh DMEM without FBS containing 10 U/ml heparin. After 2 hours, the medium was harvested and the lipase activity was assayed in triplicate as described above. Lipase activity was normalized to protein concentration in the cell homogenate.
Analyses of plasma lipids, lipoproteins, and apolipoproteins. Plasma lipids were determined after a 4-hour fast using enzymatic kits as described (14, 15) . HDL cholesterol was determined as the cholesterol remaining in the plasma after precipitation of apoB-containing lipoproteins with dextran sulfate (Ciba-Corning, Oberlin, Ohio, USA). Plasma levels of murine apoA-I, apoA-II, and apoB were quantified by sandwich ELISA using polyclonal antibodies against synthetic peptides of mouse apoA-I, apoA-II, and apoB (33) . VLDL/IDL, LDL, and HDL lipid content (percentages of cholesterol, phospholipids, and triglycerides) was determined after isolation of HDL by ultracentrifugation and measurement of lipids by enzymatic kits (14, 15) .
Fast protein liquid chromatography. Plasma lipoproteins from 50 µl of pooled mouse plasma (n = 5) were sepa-rated by gel filtration using two Superose 6 HR 10/30 columns (Pharmacia Biotech Inc., Piscataway, New Jersey, USA) connected in series (14, 15) . Lipids in the recovered fractions were assayed as described above. The elution volumes of the plasma lipoproteins separated by fast protein liquid chromatography (FPLC) were 15.0-16.0 ml for VLDL, 20.0-24.0 ml for IDL/LDL, and 30.0-31.0 ml for HDL.
Uptake of oxidized LDL by macrophages. LDL was isolated from plasma of healthy volunteers by density ultracentrifugation (1.019 < d < 1.063) and dialyzed against PBS containing 0.01% EDTA followed by filter sterilization with a 0.2-µm filter (Nalgene, Rochester, New York, USA). Oxidized LDL (OxLDL) labeled with tritiated cholesteryl ether (CEt) ([ 3 H]CEt-OxLDL) was prepared by overnight incubation of OxLDL with cholesteryl hexadecyl ether [cholesteryl 1,2-3 H (N)] (40-60 Ci/mmol; New England Nuclear, Boston, Massachusetts, USA), and [ 125 I]apoB-OxLDL was prepared by the iodine monochloride method as described (15) . Unstimulated mouse peritoneal macrophages were harvested with DMEM medium and plated in 24-well clustered plates at a density of 5 × 10 6 cells per well. Nonadherent cells were removed after 3 hours, and the macrophages were incubated with DMEM medium containing 10% lipoproteindeficient serum (LPDS), penicillin G, streptomycin, and either 50 µg/ml [ 3 H]CEt-OxLDL or 50 µg/ml [ 125 I]apoB-OxLDL for 24 hours. To determine uptake of [ 3 H]CEt, cells were washed with PBS and solubilized in a buffer containing 0.1 M NaOH and 0.1% SDS, and aliquots were removed for radioactive counting as well as for protein determination by the bicinchonic acid method (Pierce Chemical, Rockford, Illinois, USA). Degradation of [ 125 I]apoB-OxLDL was determined by measuring trichloroacetic acid (TCA) -soluble 125 I radioactivity in the medium after precipitation with TCA (final concentration, 10%). To demonstrate release of macrophage HL into media by heparin, unstimulated peritoneal macrophages were isolated from apoE-KO or apoE-KO × HL-KO mice and plated as above. After 4 hours of incubation at 37°C, the medium was replaced by DMEM plus 5% FCS containing 10 U/ml heparin (Sigma-Aldrich), and incubation was continued overnight. The next day, 200 µl of medium was collected, dialyzed against binding buffer, and subjected to heparin sepharose affinity chromatography followed by Western analysis as described (30) .
Analysis of aortic lesions. The heart and attached section of ascending aorta were prepared and analyzed as described (34) . Macrophages in aortic lesions were identified by immunohistochemistry using a rat monoclonal anti-mouse Mac-3 antigen (Pharmingen, San Diego, California, USA). The tissue sections were deparaffinized, blocked against nonspecific binding with rabbit serum for 45 minutes, and incubated overnight with the Mac-3 antibody (10 µg/ml). The sections were then incubated with a biotinylated rabbit anti-rat IgG antibody and detected with the Tyramide Signal Amplification biotin system (PerkinElmer Life Sciences, Boston, Massachusetts, USA). Bound antibody was visualized with diaminobenzidine. Expression of HL in sections of aortic lesions was determined by in situ RNA hybridization, as described above. The aortas of three mice per group (approximately 10-15 sections per aorta) were examined.
Statistical analysis. Data are presented as means ± SEM. An unpaired Student's t test was performed for analysis of the plasma lipid concentrations and lipase activities. Nonparametric data were analyzed by the Mann-Whitney test (Instat Software, Graphpad Inc., San Diego, California, USA).
Results
HL is expressed in mouse peritoneal macrophages from apoE-KO mice. We have previously reported that HL mRNA and protein are present in mouse and human primary and cultured macrophages (30) . In situ RNA hybridization analysis using an HL antisense riboprobe demonstrates expression of HL mRNA in peritoneal macrophages isolated from apoE-KO mice (Figure 1a ). Only background staining was observed in peritoneal macrophages from apoE-KO × HL-KO mice hybridized with an antisense HL riboprobe (Figure 1c ) and in peritoneal macrophages isolated from apoE-KO ( Figure 1b ) or apoE-KO × HL-KO ( Figure  1d ) mice hybridized with the sense HL riboprobe as control. Northern analysis also demonstrated expression of HL by peritoneal macrophages of apoE-KO but not apoE-KO × HL-KO mice (data not shown). In addition, a 64-kDa HL protein band was detected by Western blot analysis of the 0.8 M NaCl heparin sepharose elution fraction of apoE-KO but not apoE-KO × HL-KO mouse liver and peritoneal macrophage cell homogenates using anti-mouse HL antibodies (data not shown). These findings demonstrate that HL is produced by macrophages in apoE-KO mice.
Bone marrow transplantation studies. To evaluate whether expression of HL by macrophages contributed to aortic lesion formation in either apoE-KO or apoE-KO × HL-KO mice, we performed BMT. This approach has proven very useful in determining the contribution of macrophage gene expression to atherogenesis in vivo (31, 35, 36) . FLCs from both donor apoE-KO and apoE-KO × HL-KO mice were infused into irradiated apoE-KO and apoE-KO × HL-KO recipients. Peripheral blood cell counts returned to normal values in all study groups 4 weeks after transplantation. Successful engraftment of FLCs was determined by PCR using DNA isolated from all four mouse groups before and after transplantation and primers that span exon 3 to exon 4 of the HL gene. (Figure 2 , a-d). Thus, the HL genotype of peripheral blood monocytes as well as peritoneal macrophages isolated from recipient mice had been completely changed to that of donor cells, indicating complete replacement of recipient monocytes/macrophages in these organs. PCR amplification of DNA isolated from the liver of experimental apoE-KO and apoE-KO × HL-KO recipient mice led to the formation of both 1.6-kb and 2.7kb products, identifying recipient and donor macrophages in this tissue (data not shown). These findings are consistent with previous studies that report 80-95% replacement of plasma leukocytes 4-5 weeks after BMT and 5-20% replacement of macrophages in the liver 8 weeks after BMT (37, 38) and demonstrate the presence of donor macrophages in blood monocytes, peritoneal macrophages, and liver isolated from recipient mice.
Effect of macrophage HL expression on aortic lesion formation. Analysis of aortic lesion formation in the two experimental and two control study groups was performed after BMT as described (34) . To control for the effects of irradiation, which can differentially alter the size and composition of aortic lesions in different regions of the aorta (39), the control study groups consisted of recipient mice that received FLCs from donor mice with the same genotype. In apoE-KO × HL-KO and apoE-KO control mice on a regular chow diet for 8 weeks after BMT (Figure 3a ), relatively small lesions with mean proximal aortic lesion areas ranging from 5.0 × 10 3 ± 1.5 × 10 3 µm 2 (Figure 3a , left) to 23.2 × 10 3 ± 5.5 × 10 3 µm 2 (Figure 3a Of particular interest is the finding that expression of HL by macrophages in recipient apoE-KO × HL-KO (apoE-KO → apoE-KO × HL-KO) mice raised the mean proximal aortic lesions area to levels similar to that of apoE-KO mice (apoE-KO → apoE-KO) that expressed HL in macrophages, liver, and other tissues (18.1 × 10 3 ± 4.4 × 10 3 µm 2 versus 23.2 × 10 3 ± 5.5 × 10 3 µm 2 , respectively; P > 0.05). Conversely, the absence of HL expression by macrophages in recipient apoE-KO mice (apoE-KO × HL-KO → apoE-KO) reduced the mean proximal aortic lesion area to values similar to those of apoE-KO × HL-KO mice (apoE-KO × HL-KO → apoE-KO × HL-KO) that had no HL expression in any tissues (8.7 × 10 3 ± 1.4 × 10 3 µm 2 versus 5.0 × 10 3 ± 1.5 × 10 3 µm 2 , respectively; P > 0.05). Thus, a change in the expression of HL by macrophages has a major effect on early aortic lesion formation in the apoE-KO mouse model.
To investigate whether altering macrophage HL expression promotes atherosclerosis in mice with more advanced lesions, we analyzed the proximal aortic lesions of a second group of older mice maintained on a chow diet for 1 month after BMT and then fed a Western diet for 6 weeks (Figure 3b ). The mean lesion size achieved on the Western diet ( Figure 3b ) was significantly larger (10-to 20-fold) than that achieved on the regular chow diet (Figure 3a) . After BMT, apoE-KO → apoE-KO × HL-KO mice on the Western diet had larger proximal aortic lesions (3-fold, P < 0.004) than the apoE-KO × HL-KO → apoE-KO × HL-KO control mice (Figure 3b, left) . Interestingly, however, no significant difference in proximal aortic lesion area was evident in apoE-KO × HL-KO → apoE-KO mice (174 × 10 3 ± 17 × 10 3 µm 2 ) as compared with apoE-KO → apoE-KO mice (188 × 10 3 ± 18 × 10 3 µm 2 ) ( Figure  3b , right). On the Western diet, apoE-KO × HL-KO animals developed smaller, less complex lesions (mean lesion area, 55 × 10 3 ± 13 × 10 3 µm 2 ) than apoE-KO mice (mean lesion area, 188 × 10 3 ± 18 × 10 3 µm 2 ). These results suggest that in apoE-KO mice, HL expression by macrophages has a greater effect on the earlier rather than the more advanced stages of lesion formation. Similar findings have been reported in analogous studies of LPL-KO macrophage transplantation into LDLR-KO mice, in which the effect of macrophage LPL on the extent of atherosclerosis appeared to be lost in complex, macrophage-poor atherosclerotic lesions (31) .
Effect of selective HL expression or deficiency in macrophages on the plasma lipid profile. To address the possibility that macrophage HL expression may alter aortic lesion formation by altering the plasma lipid profile, the plasma lipid profile was examined in control and experimen-tal groups before and after BMT. As previously reported (24) , the pre-BMT plasma concentrations of total cholesterol, PLs, cholesterol ester, HDL cholesterol, non-HDL cholesterol, apoA-I, and apoB were significantly (P < 0.05 for all) increased in apoE-KO × HL-KO mice versus apoE-KO mice ( Table 1) . Compared with these pre-BMT levels, the plasma total cholesterol, TGs, PLs, cholesterol ester, HDL cholesterol, non-HDL cholesterol, apoA-I, and apoB remained unchanged in apoE-KO and apoE-KO × HL-KO recipients after fetal liver engraftment (Table 1) . Similarly, no differences in the plasma lipid profile between control and experimental groups were detected after receiving a Western diet for 6 weeks (data not shown). FPLC analyses confirmed that there were no changes in the plasma lipoproteins of apoE-KO × HL-KO and apoE-KO mice before and after BMT (data not shown). Thus, selective changes in the expression of HL by macrophages did not have a major effect on the plasma lipid profile in apoE-KO and apoE-KO × HL-KO mice, indicating minimal contribution by macrophage HL to the metabolism of plasma lipoproteins.
A related but alternative possibility is that macrophage HL may alter the lipid content of plasma lipoproteins. Several laboratories have reported that HL-induced changes in the lipid content of plasma lipoproteins can promote cholesterol uptake by cells in culture (40) (41) (42) (43) , and Bergeron et al. (25) demonstrated significant differences in the lipid content of VLDL/IDL, LDL, and HDL isolated from apoE-KO versus apoE-KO × HL-KO mice. Enhanced cholesterol uptake of these modified plasma lipoproteins into macrophages could then enhance foam cell formation and promote atherosclerosis. To determine whether changes in macrophage HL expression altered the lipid content of plasma lipoproteins, VLDL/IDL, LDL, and HDL from apoE-KO and apoE-KO × HL-KO mice before and after BMT were analyzed. Consistent with Table 1 Lipid profile and HL and LPL activities in apoE/HL-deficient mice and apoE-deficient mice before and after BMT (Table 1) , although a trend for lower postheparin plasma LPL activities was noted in apoE-KO control mice as compared with apoE-KO × HL-KO control mice (Table 1) after BMT. We also compared the LPL mRNA levels in pooled peritoneal macrophages isolated from apoE-KO (n = 20) and apoE-KO × HL-KO (n = 20) mice by Northern analysis. After normalization to cyclophilin, LPL mRNA levels were 30% lower in peritoneal macrophages from apoE-KO mice, which express HL, than in peritoneal macrophages from apoE-KO × HL-KO mice (data not shown). The LPL enzyme activity in cultured peritoneal macrophages was similar between apoE-KO (n = 15, 11.6 ± 1 nm/ml/min) and apoE-KO × HL-KO (n = 18, 13.3 ± 2 nm/ml/min, P > 0.05) mice. Thus, the proatherogenic effect on aortic lesion formation by macrophage HL expression does not appear to be mediated by increases in LPL transcript or activity levels.
HL is expressed in macrophages present in aortic lesions from apoE-KO × HL-KO mice after BMT. Local synthesis of HL in macrophages of aortic lesions could provide an alternative mechanism for the atherogenic effect of macrophage HL. In situ hybridization demonstrates that HL is in fact synthesized by macrophages in aortic lesions (Figure 4 ). Aortic wall macrophages were identified by immunohistochemistry in apoE-KO (Figure 4a) and apoE-KO × HL-KO (Figure 4c ) mice. Before
Figure 4
Analysis of HL expression in aortic lesions after BMT. Macrophages were identified in aortic lesions from apoE-KO (a) and apoE-KO × HL-KO (c) mice by immunohistochemistry using an antibody against the mouse macrophage antigen Mac-3 and counterstained with hematoxylin. HL mRNA was detected by in situ RNA hybridization using the mouse HL digoxigenin-labeled antisense riboprobe (b, d, e, and g) , which was detected by fast red dye. To enhance visualization of the mRNA, no counterstaining was performed in aortic sections analyzed by in situ RNA hybridization. HL mRNA is present in aortic lesions from apoE-KO mice concern that macrophages already present in the vessel wall of recipient mice at the time of BMT could potentially contribute to aortic lesions of our study recipient mice after BMT. The contribution of donor macrophages to aortic lesion development in recipient mice in Figures 3 and 4 was maximized by irradiating recipients at 6 weeks of age, a time when few of the recipient's monocytes/macrophages should have populated the vessel wall (47) . Figure 4 demonstrates that at the time of sacrifice, many macrophages present in aortic lesions of recipient mice did in fact exhibit the same HL expression pattern as that of donor and not recipient macrophages, indicating that they were derived from donor bone marrow. The presence of donor macrophages that express HL in aortic lesions of recipient mice and the changes in atherosclerosis after BMT in these mice indicate that HL locally transplantation, in situ RNA hybridization using the HL antisense riboprobe demonstrated HL mRNA expression (fast red dye stain) in aortic lesions of apoE-KO mice (Figure 4b) but not apoE-KO × HL-KO mice (Figure 4d ). After BMT, in situ RNA hybridization using the HL antisense riboprobe demonstrated that HL mRNA was detected in aortic lesions of apoE-KO × HL-KO mice engrafted with apoE-KO macrophages (Figure 4e ). In contrast, most macrophages in aortic lesions of apoE-KO mice transplanted with the apoE-KO × HL-KO bone marrow did not express HL ( Figure  4g ). Contiguous sections hybridized with the control HL sense riboprobe showed only background staining (Figure 4, f and h) . These data establish localized expression of HL by macrophages in aortic lesions.
Importantly, Figure 4 also indicates that aortic lesions in recipient mice are populated primarily by donor macrophages at the time that aortic lesion formation was determined. Lessner et al. (45) recently demonstrated that after BMT, macrophage-derived foam cells in carotid artery lesions are derived mainly from circulating monocytes rather than from resident macrophages. Nonetheless, the half-life of tissue macrophages, while difficult to estimate, may be in the order of months (46) , and it was important to address the
Figure 5
Plasma lipoprotein profile and aortic atherosclerosis in LCAT-Tg mice before and after BMT. In (a), the plasma lipids of LCAT-Tg mice (black bar) and LCAT-Tg × HL-KO mice (white bar) are shown. HL deficiency significantly (*P < 0.05) raises the plasma concentrations of total cholesterol (TC), PL, cholesterol ester (CE), non-HDL cholesterol (non-HDL-C), and apoB in LCAT-Tg mice. However (b), the mean proximal aortic lesion area of LCAT-Tg × HL-KO mice (n = 13, white bar) after 12 weeks on the cocoa butter diet was significantly reduced (*P < 0.001) as compared with LCAT-Tg mice (n = 11, black bar). The cholesterol distribution in the plasma lipoproteins of LCAT-Tg × HL-KO mice before (circles) and after (squares) transplantation with LCAT-Tg bone marrow is shown in (c). Similarly, the lipid profile of LCAT-Tg mice before (circles) and after (squares) transplantation with LCAT-Tg × HL-KO bone marrow is shown in (d). For each study group, 50 µl of pooled plasma from five mice (10 µl each) was applied to the FPLC. After BMT, the mean lesion area was significantly lowered ( † P < 0.05) in LCAT-Tg mice transplanted with LCAT-Tg × HL-KO bone marrow (e) (LCAT × HL-KO → LCAT, circles) as compared with the control study group (squares), whereas the mean lesion area of LCAT-Tg × HL-KO mice transplanted with LCAT-Tg bone marrow (f) (LCAT → LCAT × HL-KO, circles) was significantly increased ( † P < 0.05) as compared with the control study group (squares). expressed in donor macrophages contributes significantly to aortic lesion formation.
To investigate potential mechanisms by which HL expression by macrophages alters lesion formation, we studied the uptake of OxLDL by peritoneal macrophages isolated from apoE-KO and apoE-KO × HL-KO mice. The uptake of [ 3 H]cholesteryl ether from OxLDL and degradation of 125 I-labeled OxLDL was increased (by 1.25-fold, P < 0.01, and 1.3-fold, P < 0.001, respectively) in peritoneal macrophages isolated from HLexpressing apoE-KO mice (610 ± 40 ng of CEt/mg of cell protein and 126 ± 6 ng of OxLDL/mg of cell protein) as compared with apoE-KO × HL-KO mice (470 ± 20 ng of CEt/mg of cell protein and 101 ± 5 ng of OxLDL/mg of cell protein). These findings are consistent with whole-particle uptake. The presence of HL in both cell homogenates (30) and in the media of cultured peritoneal macrophages isolated from apoE-KO but not apoE-KO × HL-KO mice (data not shown) is consistent with a role of HL in facilitating lipoprotein particle uptake. Aviram et al. (43) have also previously reported that modification of LDL by HL enhances the uptake and accumulation of LDL cholesterol in cultured macrophages. These findings do not rule out the possibility that HL may affect additional cellular processes and functions of macrophages that could enhance lipoprotein particle and lipid uptake.
Our combined studies indicate that HL enhances the uptake and accumulation of cholesterol from LDL and OxLDL by macrophages and identify potential mechanisms by which localized expression of HL in the arterial wall can contribute to lesion formation.
HL deficiency reduces aortic atherosclerosis in LCAT-Tg mice. To investigate whether the effects of macrophage HL expression on atherosclerosis can be extrapolated to other animal models, in particular animal models that express apoE, we performed similar experiments in LCAT-Tg mice backcrossed with HL-KO mice. We have previously reported that overexpression of LCAT in C57BL/6 mice significantly enhances aortic atherosclerosis (48) . As with apoE-KO mice, HL deficiency also raised the plasma total cholesterol, PL, cholesterol ester, non-HDL cholesterol, and apoB levels (Figure 5a ) but significantly lowered diet-induced aortic atherosclerosis (Figure 5b ) in LCAT-Tg mice. After BMT and ingestion of a proatherogenic diet for 12 weeks, no differences in the plasma lipid profile (Figure 5, c and d) , plasma apolipoproteins, or postheparin plasma HL and LPL activities (data not shown) between control and experimental groups on the cocoa butter diet were noted. However, aortic atherosclerosis was significantly reduced in LCAT-Tg mice engrafted with HL-deficient macrophages (Figure 5e ). Lesion formation was significantly enhanced in LCAT-Tg × HL-KO mice engrafted with macrophages that expressed HL (Figure 5f ). These findings demonstrate that changes in macrophage HL expression can alter aortic lesion formation in a second mouse model that is not deficient in apoE.
Discussion
Studies in humans and in animal models have provided conflicting data regarding the role that HL plays in modulating atherogenic risk. Thus, it is unclear whether increased HL expression confers protection from or enhances cardiovascular disease. The findings reported in this manuscript help clarify the role of HL in atherogenesis. The involvement of HL in a novel proatherogenic pathway was first inferred from the unexpected finding that despite increased levels of the proatherogenic apoB-containing lipoproteins, HL deficiency reduces aortic lesion formation in apoE-KO mice (24) . In this study, we report that HL deficiency also raises the plasma levels of the apoB-containing plasma lipoproteins but reduces diet-induced atherosclerosis in a different animal model that expresses apoE, the LCAT-Tg mouse. Using BMT, we identify a novel pathway, separable from the function of HL in plasma lipoprotein metabolism, by which the enzyme modulates atherogenic risk in vivo. We demonstrate that HL is produced by macrophages present in aortic lesions, a previously unrecognized site of HL synthesis. Using in situ RNA hybridization, we also establish the presence of donor macrophages in aortic lesions of recipient mice after BMT. Finally, we demonstrate that although liver HL expression remains unaltered, changes in the synthesis of HL by macrophages significantly alters aortic lesion formation. Thus, synthesis of HL in macrophages increased aortic lesion formation by 3.4-fold in apoE-KO × HL-KO mice and by 2-fold in LCAT-Tg × HL-KO recipient mice, whereas the absence of HL synthesis in macrophages lowered aortic lesion formation by 63% in apoE-KO and by 57% in LCAT-Tg recipient mice. These combined data indicate that localized production and accumulation of HL by macrophages present in the vessel wall contributes significantly to aortic lesion formation in two independent atherosusceptible mouse models and identifies an additional mechanism by which HL alters atherosclerosis.
Our results rule out the possibility that HL expression by macrophages creates a proatherogenic plasma lipid profile. Reconstitution of apoE-KO mice with apoE-KO × HL-KO macrophages did not result in significant changes in the plasma lipid, lipoprotein, and apolipoprotein profiles or postheparin HL activity, despite the inability of donor macrophages to synthesize HL. Similarly, no significant changes were noted in the plasma lipid profile and postheparin HL activity of apoE-KO × HL-KO mice engrafted with apoE-KO macrophages capable of expressing HL. Moreover, the lipid compositions of VLDL/IDL, LDL, and HDL isolated from the apoE-KO and apoE-KO × HL-KO experimental BMT groups were similar to those of their respective BMT control groups. These findings demonstrate that compared with the liver, the relative contribution of macrophages to the pool of HL present in the circulation or attached to the vascular endothelial surface and to the hydrolysis of plasma lipoproteins is not significant. The proatherogenic effect of HL expression in macrophages is therefore not due to alterations in the plasma concentrations or lipid composition of plasma lipoproteins or HL and LPL activity.
Macrophage LPL expression has been shown to enhance aortic lesion formation (31, 49) . In theory, altering macrophage HL expression could alter macrophage LPL expression, which would then cause the changes in aortic atherosclerosis observed in the BMT studies. However, Northern analysis demonstrated that LPL mRNA levels did not increase in macrophages of apoE-KO mice as compared with apoE-KO × HL-KO mice. Similarly, macrophage LPL activity did not change, indicating that the proatherogenic effect of HL expression in macrophages is most likely not due to increased LPL expression.
In mice, approximately 50% of HL circulates in the bloodstream (50) . Thus, some of the HL present in aortic lesions could be derived from the liver rather than from lesion macrophages. However, our data indicate that the contribution of the circulating mouse HL to lesion formation is minimal, since even with a continuous source of HL derived from the apoE-KO recipient liver, the absence of macrophage HL expression after BMT reduced atherogenic risk in apoE-KO mice to levels similar to those of transplanted control apoE-KO × HL-KO mice. Thus, even if some fraction of HL in aortic lesions were derived from liver, it is the macrophage-synthesized HL that is primarily responsible for formation of aortic lesions.
Since transplanted macrophages are not restricted to the artery but may repopulate other tissues in the mouse, and since the number of macrophages in the vessel wall is small compared with the total body monocyte and macrophage pool sizes (approximately 10 7 and 10 8 , respectively) (51), the potential contribution by macrophages outside aortic lesions to changes in atherosclerosis should be considered. One possible scenario involves the transport of HL produced by external macrophages to the vessel wall, where it would then participate in lesion formation. However, we have shown that the amount of HL produced by macrophages is small (30) compared with the amount of HL produced by the liver. In addition, as noted above, even the large quantities of plasma HL derived from liver was not sufficient to affect aortic lesion formation, so the smaller quantities of HL derived from external macrophages and circulating monocytes could not have an effect.
HL is known to facilitate the uptake of lipoproteins by macrophages (43) . It is therefore possible that expression of HL by monocytes/macrophages outside of the vessel wall could deplete the plasma pool of modified lipoproteins, sequestering these proatherogenic particles away from lesion macrophages. However, this scenario would lead to reduced atherosclerosis in apoE-KO × HL-KO mice that express HL only in macrophages (apoE-KO → apoE-KO × HL-KO), rather than the 3.4-fold increase in mean aortic lesion area observed in this study (Figure 3) . Conversely, the absence of monocytes/macrophages that can express HL should increase the plasma pool of modified lipoproteins available to lesion macrophages and increase lesion formation in transplanted apoE-KO mice (apoE-KO × HL-KO → apoE-KO), findings opposite to what we actually observe. Consistently, HL expression by macrophages did not alter the plasma lipid profile.
Macrophage HL appears to accelerate lesion development at early rather than late stages of aortic atherosclerosis. HL is clearly not essential for initiation or progression of lesions, as apoE-KO × HL-KO → apoE-KO × HL-KO mice, which never express HL in any tissue, can still develop significant lesions (>50 × 10 3 µm 2 on a Western diet) (Figure 3b ). Macrophage HL expression does, however, enhance the rate at which small lesions progress to larger lesions. HL expressed only from macrophages can enhance atherosclerosis in mice with lesions ranging from 5 × 10 3 µm 2 (Figures 3a, left, and 5f, right) to 50 × 10 3 µm 2 (Figure 3b, left) . Consistently, macrophage HL deficiency can retard development of lesions smaller than 10 × 10 3 µm 2 (Figures 3a, right, and 5e, left) . Thus, macrophage HL is capable of enhancing development of atherosclerotic lesions at early-to-middle stages in lesion development. In contrast, macrophage HL deficiency did not significantly reduce the proximal aortic atherosclerosis in the apoE-KO recipient mice that developed more advanced lesions (188 × 10 3 µm 2 ) on the Western diet (Figure 3b, right) . In this experiment, study mice were maintained on a regular chow diet for one month after BMT and then placed on a Western diet for 6 weeks. Before the shift to the Western diet, the apoE-KO recipient strains must have had relatively small lesions (<25 × 10 3 µm 2 , which was the lesion size for apoE-KO mice after BMT followed by 12 weeks on a chow diet) ( Figure 3a ). Before the shift to the Western diet, as in the regular chow BMT study, HL deficiency in apoE-KO recipients (Figure 3b , right) most likely did initially slow the development of atherosclerosis in the proximal aorta. However, upon addition of the Western diet, lesion progression proceeds rapidly in apoE-KO mice (47) , and late-stage processes appeared to overwhelm the contribution of macrophage HL to lesion development (Figure 3b, right) . Our data support the hypothesis that HL is not required for initiation of atherosclerosis but operates to promote formation of atherosclerotic lesions at early-to-middle, but not late, stages of lesion development.
These findings are completely analogous to results obtained by transplanting LPL-KO macrophages into LDLR-KO mice (31) , where a decrease in mean lesion area in the proximal aorta was observed in early but not late lesions. Babaev et al. (31) note that since early lesions are characterized by the accumulation of macrophage-derived cells, the presence or absence of macrophage LPL (and by analogy, HL) is expected to have a strong influence on lesion formation. The more complex late lesions have a smaller proportion of macrophages and an increased number of smooth muscle cells; consequently, the effects of macrophageproduced LPL or HL might be expected to be reduced. HL and LPL would thus be anticipated to influence formation of atherosclerotic lesions at an early stage in lesion development, when the major site of lipid accumulation is intracellular, in macrophage-derived foam cells (47) . In advanced lesions, other processes such as smooth cell proliferation, fibrous plaque formation, and extracellular lipid accumulation (47) are taking place and are likely to overwhelm the importance of the macrophage lipase effect.
Our results support a mechanism in which HL expression in macrophages promotes aortic lesion formation by local production of HL by macrophages in the vessel wall. Localized production of HL by lesion macrophages may result in a paracrine-like effect, leading to significant accumulation and increased effective concentrations of HL within the vessel wall that may have a major effect on lesion development. Consistent with this hypothesis, we demonstrated that expression of HL by macrophages enhances the uptake of OxLDL by these cells in culture. Previous studies have also shown that HL induces lipoprotein uptake and cholesterol accumulation by macrophages (43) . Thus, accumulation of HL produced by macrophages present in the vessel wall, a finding established in this study by in situ RNA hybridization, may enhance foam cell formation in vivo.
Further support for this concept can be found in the literature. LPL promotes lipoprotein internalization and lipid accumulation by macrophages through local lipolysis and bridging of lipoproteins (43, (52) (53) (54) . In addition, localized production of LPL by macrophages within the arterial wall has been shown to promote foam cell and lesion formation (31), enhance monocyte recruitment and retention in the vessel wall (31, (55) (56) (57) , and increase retention of lipoproteins in the extracellular matrix through LPLmediated bridging of lipoproteins (58) (59) (60) . All of these processes enhance aortic atherosclerosis by promoting foam cell formation.
The strong effect of HL on lesion development, despite its relatively low level of expression in macrophages, raises the interesting possibility that HL may affect additional cellular processes and functions of macrophages that could enhance lesion formation by altering processes such as receptor gene expression, cytokine production, or chemotaxis. These questions will be addressed in future studies.
In summary, the present study demonstrates that (a) macrophages present in the arterial wall express HL (b) expression of HL by monocytes/macrophages does not contribute significantly to changes in the plasma lipid profile or postheparin HL activity, and (c) the production of HL by macrophages promotes foam cell formation and aortic atherosclerosis in two different mouse models, apoE-KO and LCAT-Tg mice. These combined findings indicate that localized expression of HL by macrophages in the vessel wall may significantly enhance early aortic lesion formation and provide evidence to support a novel mechanism, separate from the role of HL in plasma lipoprotein metabolism, by which HL modulates atherogenic risk in vivo.
